Carbon nanotubes (CNTs) and nanofibres (CNFs) are grown on bulk-micromachined silicon surfaces by thermal and plasma-enhanced chemical vapour deposition (PECVD), with catalyst deposition by electron beam evaporation or from a colloidal solution of cobalt nanoparticles. Growth on the peaked topography of plasma-etched silicon 'micrograss' supports, as well as on sidewalls of vertical structures fabricated by deep-reactive ion etching demonstrates the performance of thermal CVD and PECVD in limiting cases of surface topography. In thermal CVD, uniform films of tangled single-walled CNTs (SWNTs) coat the structures despite oblique-angle effects on the thickness of the catalyst layers deposited by e-beam evaporation. In PECVD, forests of aligned CNFs protrude from areas which are favourably wet by the colloidal catalyst, demonstrating selective growth based on surface texture. These surface preparation principles can be used to grow a wide variety of nanostructures on microstructured surfaces having arbitrary topography, giving substrates with hierarchical microscale and nanoscale surface textures. Such substrates could be used to study cell and neuronal growth, influence liquid-solid wetting behaviour, and as functional elements in microelectronic and micromechanical devices.
Introduction
Chemical vapour deposition (CVD) allows the growth of carbon nanotubes (CNTs) and carbon nanofibres (CNFs) on surfaces covered with a metal catalyst, and there has been extensive research on the growth of aligned and patterned CNTs and CNFs using thermal CVD and plasma-enhanced chemical vapour deposition (PECVD) on various flat substrates such as silicon [1] [2] [3] , glass [4] , plastic [5] and others [6] . These films may be used in transistors [7] , chemical sensors [8] , flow sensors [9] and electrical contacts [10] . Vertically-aligned CNT arrays have been grown by PECVD on suspended thinfilms [11] , and by thermal CVD on sidewalls of SiO 2 structures by gas-phase delivery of the catalyst using ferrocene as a catalyst precursor [12, 13] . Low-temperature CNF growth on a 3D carbon fibre matrix where carbon fibres were acting as a scaffold for CNF growth was recently achieved [14] . Furthermore, coatings of tangled and vertically-aligned CNTs on planar substrates have been studied as scaffolds for cell growth [15] , and for growth and improved electric signalling of neurons [16, 17] .
However, CNT and CNF growth on microstructured substrates having arbitrary three-dimensional topography remains a challenge.
In general, growth on threedimensional substrates is limited by the directionality of conventional catalyst deposition techniques such as sputtering and evaporation, where incomplete metal catalyst coverage leads to subsequently incomplete CNT coverage on the substrate areas that do not face the catalyst deposition source. For complex substrates such as foams, meshes or fibre cloths, this shadowing effect may be overcome using a wet metal catalyst such as a cobalt (Co) colloid [18] . In this work, we demonstrate that conventional metal deposition techniques can be used to obtain uniform CNT film growth by atmospheric pressure thermal CVD on arbitrarily microstructured silicon 'micrograss' surfaces, where the surfaces face the deposition source in any orientation from vertical to horizontal. When these substrates are coated by a colloidal catalyst solution, the topography of the substrate selectively dictates the local growth density. This is demonstrated by the growth of aligned CNFs on micrograss by PECVD. Micrograss and vertical sidewalls serve as useful limiting cases for investigating the effect of microstructure topography on surface-bound growth of CNTs and CNFs.
Methods
Silicon microstructures are fabricated from 6 inch (100) silicon wafers (p-type, 1-10 cm, Silicon Quest International) by deep-reactive ion etching (DRIE) using SF 6 /C 4 F 8 plasma, by reactive ion etching (RIE) using Cl 2 plasma, and by wet etching in aqueous potassium hydroxide (30% KOH in DI-H 2 O at 80
• C). The DRIE (Surface Technology Systems) process gives structures with smooth vertical sidewalls, such as the array of cylindrical posts shown in figure 1(a) . When the same pattern is processed in Cl 2 plasma (LAM-490B, Lam Research), 'micrograss' forms as shown in figures 1(b)-(d).
Micrograss, which is alternatively called 'black' silicon, forms because of micro-masking of the substrate during RIE etching. These 'micro-masks' may be dust or other contaminant particles, native SiO 2 , or more likely sub-micron spots of SiO 2 which are sputtered from the masked areas of the wafer and are re-deposited within the areas of bare Si that remain exposed by the concurrent etching process [19, 20] . As etching proceeds, the micro-masks template the formation of an irregular and dense forest-like matrix of sharp structures, as illustrated in figure 2. In our system, the etch rate is approximately 0. [21] . (1) Alternatively, the catalyst is derived from a cobalt colloid synthesized by the inverse micelle method as described elsewhere [22] [23] [24] . The colloid is purified by flocculation with methanol and size-focused using centrifugation. The purified solution is cast onto silicon samples in Ar, and then the solvent is evaporated in a flow of Ar or is gently removed in vacuum. Extra colloid solution is added once or twice to almost dry samples to optionally increase the loading.
Thermal CVD growth is conducted at atmospheric pressure in a single-zone quartz tube furnace (22 mm ID, Lindberg). A flow of 400 sccm Ar (99.999%, Airgas) is maintained while the furnace is ramped for 30 min to the growth temperature of 875
• C and then held for 15 min to stabilize the temperature. Then, the Ar flow is terminated and flows of 80 sccm H 2 (99.999%, BOC) and 320 sccm CH 4 (99.995%, BOC) are introduced for a growth period of 15 min. Finally, 400 sccm Ar is again introduced for 10 min to displace the growth gases from the tube, then the argon flow is reduced to a minimum to maintain a slight positive pressure against atmosphere while the furnace cools.
For PECVD growth, the substrates are placed onto a graphite stage heater in a DC PECVD chamber which has been described previously [25] . The chamber is first filled with 200 sccm NH 3 to a pressure of 1.2 mbar using a gas inlet placed 2 cm above the heater stage. The substrates are then annealed for 15 min in NH 3 until a deposition temperature of 500
• C is reached. The DC discharge is started by applying 600 V between the sample heater stage (cathode) and the gas inlet (anode). C 2 H 2 is the carbon feed gas, with a gas mixture ratio of 200:50 sccm NH 3 :C 2 H 2 and a total gas pressure of 1.5 mbar during deposition. The discharge is kept constant for 30 min. The local temperature is measured using a thermocouple in contact with the surface of a Si substrate having the same dimensions as the substrate used for the growth experiments.
Samples are analysed by scanning electron microscopy (Philips XL30 FEG-ESEM for CNTs, JEOL 6340 FEG-SEM for CNFs), high-resolution transmission electron microscopy (JEOL-2010 at 200 keV for CNTs, JEOL-3010 at 300 keV for CNFs), and Raman spectroscopy (Renishaw 1000 spectrometer coupled to a Phyzik Instruments piezoelectric scanning stage and Kaiser Hololab 5000R Raman Microprobe, both having 514.5 nm laser excitation).
Results
CNTs are grown both on the three-dimensional topographies in the etched areas of microstructures, and on the masked areas. CNFs are grown by PECVD on the micrograss substrate coated with Co catalyst, where SEM analysis reveals that the growth morphology of CNFs depends on the substrate surface morphology. Figure 4(a) shows the micrograss after deposition of CNFs, and with reference to figure 1(d) denotes region A, which is flat relative to the micrograss but is micro-rough (<1 µm RMS) because of sputtering during the etch process, and region B, which contains micrograss approximately 15 µm deep. Dense forests of aligned CNFs are found on the surfaces of region A ( figure 4(b) ), where the CNFs are typically 5 µm long with diameters ranging from 30 to 50 nm. However, CNFs in the micrograss region B are distributed sparsely (figure 4(c)), and are shorter and have larger diameters than the CNFs grown in region A. Although region A is relatively flat compared to the micrograss region B, the micro-scale roughness in region A results in more 'bunched' CNF growth compared to that on a polished surface under similar conditions [26] . However, the deleterious effect of roughness is much greater in region B, as the length of CNFs grown on micrograss rarely exceeds 1 µm.
Furthermore, long and sharp spikes, with typical diameters in excess of 100 nm and lengths between 5 and 10 mm, are found on the boundaries and in the micrograss area ( figure 4(a) ). These structures are also observed after CNF growth on carbon fibres coated with Co colloid catalyst [18] , and are also grown on micrograss without plasma in only thermal conditions in the NH 3 environment. We believe the spikes arise from impurities in the Co colloid. No CNFs are observed for the C 2 H 4 /NH 3 depositions on micrograss at 200
• C. Figure 5 shows TEM images of the CNTs and CNFs. Figure 5 (a) reveals that the CNTs grown by thermal CVD consist of bundles of single-walled CNTs (SWNTs) and double-walled CNTs (DWNTs), each of which contain several parallel CNTs. Figure 5 (b) reveals that the CNFs grown on the surface of Si grass are short and stubby, and each has a Co catalyst particle at the tip, indicating that the CNFs grew by the tip growth mechanism [27] . The elongated shape of the catalyst particle is similar to that observed by Helveg et al [28] using time-resolved in situ HRTEM. Their study showed that reshaping a Ni catalyst particle into a highly elongated shape assists the alignment of the graphitic sheets into a stacked CNF structure. Figure 5 (c) shows a lattice-resolved image of a Co catalyst particle at the tip of one of our CNFs, and the graphene layers which are locally parallel to the surfaces of the CNF. We believe that CNF growth by PECVD under the conditions described here occurs via a surface diffusion growth mechanism [28, 29] .
The CNFs grown by PECVD have a bamboo-like structure of graphitic layers, which is shown in the inset of figure 5(b) . We have previously observed the bamboo-like structures using a similar catalyst and growth conditions [14] . Lin et al [30] indicated that the presence of nitrogen can promote the formation of bamboo-like CNTs in electron-cyclotron chemical vapour deposition (ECR-CVD), yet also argue that bamboo-like CNTs can be formed using ECR-CVD without nitrogen present. We believe that nitrogen from the decomposition of NH 3 in our DC PECVD system promotes growth of bamboo-like CNFs. Nitrogen is essential for catalyst pre-treatment in our system and we have done all our experiments with NH 3 . A separate study would be needed to establish exact influence of nitrogen on the formation of bamboo-like CNFs in our system. Furthermore, the balance between NH 3 and C 2 H 4 also influences the balance between carbon deposition and etching [2, 31] and here we have used the ratio found to be optimal for CNF growth in our previous studies [25, 14] .
Raman spectroscopy (figure 6) confirms that the CNT film grown by thermal CVD consists of high-quality small-diameter SWNTs and DWNTs. This judgment is based on the position of the G-band peak near 1589 cm −1 , the high G/D peak intensity ratio, and the presence of radial breathing mode peaks (150-300 cm −1 ), and is confirmed by HRTEM examination. The RBM peaks are frequently more intense when the laser spot is focused over a narrow trench, indicating enhanced observation of resonance from the suspended CNTs observed in SEM. Comparatively, the Raman spectrum of the PECVDgrown sample has a G/D ratio close to unity with a broad Gpeak near 1582 cm −1 and a broad D-band at about 1350 cm −1 , and a low overall intensity relative to the background, which is typical of CNF structures [32] .
Discussion
We demonstrate that deposition of a catalyst film by a physical method such as e-beam evaporation enables growth of uniform CNT films on microstructured surfaces having arbitrary topography, even though oblique surfaces expose smaller projected areas and therefore receive thinner catalyst layers than surfaces that directly face the deposition source. Assuming a uniform vapour flux, the ratio of the film thickness on an oblique surface to the thickness on a surface directly facing the evaporation source is proportional to the cosine of the angle between the normal to the oblique surface and the plane containing the evaporation source [33] . Therefore, the film thickness should be negligible on a surface which is perpendicular to the source. In their study using DC-PECVD, Chhowalla et al show that the size of catalytic particles is directly related to the initial thickness of a metal film [34] , which affects the suitability of the catalyst for CNT growth in both thermal CVD and PECVD environments. In PECVD, the initial film thickness affects both the CNT structure and diameter [35] . However, our results indicate that the activity of the Mo/Fe/Al 2 O 3 catalyst film in thermal CVD does not significantly decrease when the thickness is scaled by the 'cosine' effect. This may be due to the role of Mo in increasing the catalytic activity of Fe in CH 4 [36] , or in promoting formation of very small Fe clusters suitable for SWNT growth, as has been found for the Co/Mo system [37] .
Growth on the DRIE-etched vertical walls is less dense than on slanted surfaces. However, the moderate CNT density on the vertical walls suggests that intermolecular collisions direct sufficient atoms to the sidewalls. Because metal deposition by magnetron sputtering is less directional than e-beam evaporation, sputtering may enable further enhancement of CNT film uniformity on oblique surfaces. Topography-driven effects on particle size, and therefore on catalytic activity, will vary widely among different catalyst and CVD methods, and it is assumed that CNT growth on flat substrates occurs in a wider range of processing conditions than on arbitrary topography. Here, we chose to investigate limiting cases of surface structure (vertical sidewalls and micrograss) to demonstrate the performance of catalyst coating and the CVD process on CNT and CNF growth. Further quantification of how the catalyst film thickness, deposition method, composition, and resulting particle size differ among oblique and horizontal surfaces, requires further study using Rutherford backscattering spectrometry (RBS), x-ray photoelectron spectroscopy (XPS), HRTEM, and other techniques. For truly three-dimensional substrates, such as carbon fibres, surfaces which are not in view of the deposition source are fully 'shadowed' and will not be coated with catalyst. While wet catalyst solutions have been successful for coating fibres [14] which have relatively uniform topography, manual dispersion of liquid catalysts on microstructures is hindered by local topography, wetting and surface tension effects which depend on the substrate material. In our experiments with silicon micrograss, manually-dispersed droplets of Co colloid form an uneven thickness of catalyst coating on the flat areas of the samples, while the solution penetrates the top layer of the Si-grass and lands on the lower branches resulting in a distribution that is much less uniform than in the flatter areas (region A, figure 1(d) ). This gives rise to dense 'bunched' CNF growth on the flatter regions and sparse growth on the micrograss regions. Even a small surface roughness on the micrometre scale created by etching the masked region of the micrograss substrate caused this effect of bunched CNF growth, compared to the uniform forest grown on the flat surface of non-etched Si using the same DC PECVD system and similar growth conditions [26] .
As demonstrated by the effects of the texture of the micrograss surface on CNF growth by PECVD, the catalyst deposition and CVD growth processes may be further tuned to increase the selectivity of growth based on surface texture. For example, a physically-deposited film and CVD process could be sought where the catalytic activity is affected considerably by cosine effects introduced by a desired surface texture, and thereby growth is selective to a particular surface orientation (e.g. horizontal or sloped beyond a certain angle). This would be the opposite of what we have demonstrated by conformal growth in thermal CVD. When the catalyst is deposited by a wet method, the surface texture and the nature of the catalystsurface wetting interaction could be modified to increase the selectivity of growth. However, coating topography by physical or solution methods will be more challenging for high-aspect-ratio features such as narrow trenches.
The supporting layer for the catalyst is also critical to the CVD growth process. To study the importance of Al 2 O 3 , we deposited Mo/Fe (3.0/1.5 nm) on a micrograss sample where the SiO 2 mask on the horizontal surfaces had been consumed entirely by the etching process, leaving SiO 2 only where it had been re-deposited as micro-masks. Thick and curly CNTs grow sparsely on horizontal surfaces of this sample, yet many straight suspended CNTs connect the tips of adjacent micrograss structures. Occasionally, CNTs as long as 250 µm connect across wide areas of micrograss. Growth of suspended CNTs is favoured by catalyst support on areas of SiO 2 left near the edges of features and at the tips of the micrograss. Also, the small size of these structures increases the chance that CNTs will grow with suspended ends until reaching adjacent structures, and will not be hindered by surface interactions with the starting support structures. On flat substrates, the yield and quality of CNTs from Mo/Fe on SiO 2 is much better than Mo/Fe on Si, presumably due to diffusion of the catalyst into Si at the growth temperature [38] . Under SEM examination, the CNTs from Mo/Fe on Si and on SiO 2 appear to have larger diameters than those from Mo/Fe/Al 2 O 3 , owing to weaker metal-support interactions compared to Al 2 O 3 . This apparent selective growth from a uniform catalyst layer deposited on micro-masks can be an alternative to catalyst patterning for localized growth of CNTs from sharp microstructures.
Hierarchical control of the physical and chemical texture of surfaces offers opportunities to direct material-surface interactions, such as liquid-solid wetting behaviour and compatibility with biological materials.
For example, leaves of lotus and rice plants are superhydrophobic because of the combined effect of microscale and nanoscale roughness [39, 40] , and elastic interactions between groups of hydrophilic hairs on the Lady's Mantle plant make the leaf surface hydrophobic [41] . The electrical conductivity and ability to coat [42] and chemically functionalize nanostructures such as CNTs enables further customization of surface interactions.
Conclusion
We demonstrate the growth of CNTs and CNFs on microstructured silicon substrates, where RIE-etched silicon micrograss and vertical sidewalls serve as limiting cases of surface texture for studying the effect of the catalyst deposition process on the coating of nanostructures obtained by CVD growth methods. Despite oblique-angle effects, deposition of Mo/Fe/Al 2 O 3 on sloped or vertical surfaces by e-beam evaporation is effective for growth of uniform SWNT films by thermal CVD of CH 4 /H 2 . Conversely, the coating of catalyst obtained using a colloidal solution is more sensitive to the catalyst loading and local topography, giving selective growth based on surface texture as demonstrated by PECVD growth of CNFs on micrograss. These principles can be applied to grow a wide variety of nanostructures on microstructures having arbitrary three-dimensional topography, extending the fabrication capability for hierarchically microstructured and nanostructured substrates, for applications such as superhydrophobic surfaces and cell growth.
The micrograss substrate may also be suitable for applications where nanostructures are localized on sharp features, such as for scanning probes and field emitters.
